Here, we show that alpine lake ecosystems are responsive to interannual variation in climate, based on long-term limnological and meteorological data from the Canadian Rockies. In the 2000s, in years with colder winter temperatures, higher winter snowfall, later snowmelt, shorter ice-free seasons, and dryer summers, relative to the 1990s, alpine lakes became clearer, warmer, and mixed to deeper depths. Further, lakes became more dilute and nutrient-poor, the latter leading to significant declines in total phytoplankton biomass. However, increased concentrations of dissolved organic carbon in lake water stimulated the appearance of small mixotrophic algal species, partially offsetting the decline in autotrophic phytoplankton biomass and increasing algal species richness. The climate regime in the 2000s altered the physical, chemical, and biological character and the function of high-elevation aquatic ecosystems. Forecasts of increased climatic variability in the future pose serious ramifications for both the biodiversity and ecosystem function of high-elevation lakes.
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function ͉ biodiversity ͉ plankton ͉ global change A nthropogenic global warming is predicted to increasingly affect polar and alpine environments (1) (2) (3) . Although climate-driven aquatic changes have been both directly observed (4) and inferred (5, 6 ) from data collected from polar sites, less is known about the climatic sensitivity of alpine lakes and streams (2, 7, 8) . Climate warming and increased climatic variability are expected to alter snowpack, terrigenic inputs, ice-free season length, and summer water temperatures in unproductive high-elevation ecosystems, thereby affecting their biodiversity and functioning (7, (9) (10) (11) (12) (13) .
Our observations of the sensitivity of alpine lakes to variation in climate were made in Banff National Park, Alberta, Canada ( Fig. 1) , part of the larger United Nations Educational, Scientific and Cultural Organization Canadian Rocky Mountains World Heritage Site. We measured the physical, chemical, and biological attributes of two reference lakes (Harrison and Pipit lakes) and two experimentally restored alpine lakes [Snowflake Lake, zooplankton reintroduction (14) , Bighorn Lake, nonnative salmonid removal and zooplankton reintroduction (15); Table 1 ] between 1991 and 2003. Regional climate has substantially warmed since the Dalton solar minimum in the early 1800s (16) . However, regional air temperatures peaked in the mid-to late 1980s (16) and, locally, have cooled from the mid-1980s through the early 2000s (Fig. 2) .
Results and Discussion
We conducted principal components analysis (PCA) of seasonal and annual air temperature, precipitation, and snowpack data to identify two climatically different groups of years between 1991 and 2003 (Fig. 3) . We based our selection of years by using PCA on maximum separation (i.e., Euclidean distance) of points in ordination space. A set of 3 years in the 1990s (1993, 1998, and 1999) were identified and characterized by comparatively warm winter air temperatures, low winter snowfall, early snowmelt, long ice-free seasons, and wet summers ( Table 2 ). The other group (2001, 2002, and 2003) was associated with colder winter air temperatures, higher winter snowfall, later snowmelt, shorter ice-free seasons, and drier summers. Both groups include years with El Niño-Southern Oscillation (ENSO) events (1993, (1997) (1998) (2002) (2003) and both straddle shifts in the Pacific Decadal Oscillation signal (1998 and 2002) . The groups are reflective of variability within recent changes in climate at this and other high-elevation sites as inferred from the increasing winter accumulation and summer ablation rates of North American glaciers (17) and increased winter snowfall at high elevations in the Alps (18) . Regional climate models predict increased summer and winter air temperatures, decreased summer precipitation, and increased winter precipitation over the coming decades, thus these groups ref lect expected changes in precipitation, but not air temperature.
Physical, chemical, and biological features of the alpine study lakes also differed significantly between these periods. Snowfree seasons averaged 33 days (20%) shorter and ice-off date 12 days later in the 2000s relative to the 1990s, the latter reflecting the negative correlation between maximum snowpack depth and ice-free season length observed in the Alps (13) and Norway (19) . Although maximum midsummer surface water temperatures did not differ (Fig. 4A) , midsummer thermocline depths were deeper in the 2000s (Fig. 4B) , resulting in 20-52% greater epilimnion volumes and 25-82% smaller hypolimnion volumes and thus greater maximum heat content. Average lake water temperatures were 0.5-1.2°C higher in midsummer in the 2000s compared with the 1990s. Deeper thermocline depths in the 2000s may have been in part because of the lower absorbance (20) (Fig. 4C ) and slightly lower turbidity (Fig. 4D ) of the lakes, resulting in deeper penetration of solar energy into the lakes as measured by Secchi disk depth (Fig. 4E ). Because we did not measure wind speed at our study sites, we cannot rule out that wind speed may have differed between the groups of years and thus played a role in increasing thermocline depths. Trophic manipulation amplified the changes in turbidity, Secchi disk depth and thermocline depth in Bighorn Lake (15) .
Concentrations of biologically important phosphorus and silica were 10-50% lower in alpine lakes during the 2000s ( Fig.  5 A and B) . Presumed lower mineralization of catchment soils and weathering of bedrock in these cold years combined with low summer inflows during the short, dry 2000s summers likely reduced allochthonous inputs to the lakes (20) , resulting in the lower dissolved inorganic nutrient concentrations and lower conductivity (Fig. 5C ). Lake pHs were lower in the 1990s (Fig.  5D ), which had warmer mean annual air temperatures, contrasting with previously published observations of a positive correlation between pH and mean annual air temperature in European alpine lakes (2) . Total nitrogen (TN) concentrations ( Fig.  5E ) did not differ significantly between the 1990s and 2000s. As a result of stable TN and lower total phosphorus (TP) concentrations, TN/TP ratios increased in the 2000s, indicating increasingly strong P-limitation of the phytoplankton. Our results differ from those reported for lakes of the Sierra Nevada, where increasing P inputs are resulting in the eutrophication of highelevation lakes and a trend toward increasing N-limitation (21) .
Total phytoplankton biomass was lower during the 2000s (Fig.  5F ). Low biomass is best attributed to lower P concentrations in these P-limited lakes (22) . Shorter ice-free growing seasons likely also were important (23) . Although silica concentrations were lower, they remained Ͼ0.5 mg⅐liter Ϫ1 , the concentration below which the growth of siliceous algal species might be limited (24) . Greater water transparency also increased the potential for elevated levels of DNA-damaging UV-B radiation to suppress the phytoplankton (25) .
Climate-induced decreases in algal biomass were enhanced by strong top-down cascading trophic interactions after the reintroduction and recovery of native zooplankton populations in experimentally manipulated Snowflake and Bighorn (15) lakes. Phytoplankton biomasses were 92-97% lower in the 2000s in experimentally restored lakes and 53-63% lower in the reference ecosystems. The phytoplankton of reference fishless Pipit and fish-occupied Harrison lakes exhibited similar absolute and relative responses to climate despite differences in their trophic structure. A potential explanation for the comparable phytoplankton responses is that native bull trout Salvelinus confluentus coexist with the large-bodied herbivorous cladoceran Daphnia pulex in Harrison Lake (26) and thus do not exert strong top-down control over lower trophic levels.
In contrast to the observed low inorganic solute concentrations, the concentration of dissolved organic carbon (DOC) was significantly greater (40-120%) in the 2000s (Fig. 5G) . We infer Fig. 3 . PCA of meteorological data. Large symbols identify selected 1990s (gray) and 2000s (white). AT, annual air temperature; ST, summer air temperature; WT, winter air temperature; FDSP, first day of snowpack; LDSP, last day of snowpack; SFRD, number of snow-free days; MSPK, maximum snow pack depth; ANPT, annual precipitation; SURN, summer rainfall. Axis 1 and 2 explain 72.5% and 22.7% of the variation in the PCA, respectively. For axis 1, the absolute value of climate variable scores exceeded 0.75 for all but FDSP, MSPK, and SFRD, which were the highest scoring variables for axis 2. that increases in the nonchromophoric fraction led to elevated DOC concentrations because light absorbance by lake water decreased and Secchi depth increased despite the elevated DOC concentrations. Possible sources of nonchromophoric DOC include in-lake algal and bacterial production (27) , higher DOC inputs from more persistent snowfield microbial communities in years with longer snow seasons (28, 29) , and inputs of nonchromophoric DOC of allochthonous origin. Our observations of increasing DOC concentrations in lake water during mid-late summer periods in the 2000s, when the inflows of several lakes ceased to flow, support an interpretation that autochthonous production of nonchromophoric DOC by the plankton was important. Further, we infer a difference in allochthonous DOC quality in inflowing waters between the 1990s and 2000s: for samples containing similar concentrations of DOC, absorbance was lower in the 2000s than in the 1990s. In addition, deeper light penetration into more transparent lakes would amplify photolytic breakdown of chromophoric DOC (30, 31) thereby reducing its color and increasing its lability (32) . Mixotrophic algae that are capable of using labile DOC as a food source (33, 34) were significantly more abundant in the 2000s when DOC concentrations were high (Fig. 5H) . Smallcelled (Ͻ10 m) chrysophytes (Chromulina, Chrysochromulina, and Ochromonas sp.) were not detected in reference lakes when DOC concentrations were low in the 1990s. These genera also replaced large colonial chrysophytes (Dinobryon sp.), which Between period comparisons of climate means based on parametric twosample t-tests, n 1 and n2 ϭ 3 for all comparisons. Statistically significant differences are in bold. Summer ϭ June through September; winter ϭ October through May.
were eliminated from the manipulated lakes during the experimental restoration of native invertebrate communities. In addition, several small diatom species (Cyclotella sp.) became more abundant in all of the lakes in the 2000s (Fig. 6A) , reflecting similar recent increases in Cyclotella in the lakes of the Beartooth Mountain Range in northern Wyoming (11) . Greater chrysophyte and diatom diversity resulted in significantly higher mean phytoplankton species richness in the 2000s (Fig. 5I) . However, greater functional and species diversity in the phytoplankton in the 2000s failed to buffer phytoplankton biomass against differences in climate.
Several factors likely contributed to the observed shifts in phytoplankton communities. First, greater snowpacks led to more rapid lake flushing in spring and reduced ice-free growing seasons, both favoring smaller species that are inherently faster growing (35) . Second, deepening of thermoclines increased the heat content of the lakes during the 2000s, further benefiting smaller species that are more responsive to warming (7) . Finally, elevated DOC and lower nutrient concentrations favored mixotrophic chrysophytes over obligate photoautotrophic algae because the former can acquire essential nutrients via the consumption of DOC (36) .
Across the full dataset, climate-influenced physical and chemical variables including DOC concentration, water transparency (measured as Secchi depth) and nutrient concentrations best explained the taxonomic shifts in the phytoplankton [ Fig. 6 and supporting information (SI) Table S1 ]. Cladoceran and copepod biomass, which were strongly affected by our experimental manipulations (14, 15) , were significant but weaker correlates of taxonomic change. Thus climate-related variables exerted strong bottom-up control over the community composition of primary producers in these high-elevation lakes, whereas direct manipulations of lake trophic structure played a lesser role.
In conclusion, climate caused similar and synchronous changes in the physical, chemical, and biological features of alpine lakes irrespective of their ecological histories. Our demonstration of the environmental sensitivity of alpine lake ecosystems highlights both their vulnerability and usefulness as sentinels of the effects of global warming and predicted increases in climatic variability. The impacts of future change in climate on alpine ecosystems are particularly worrisome given that variation in climate is expected to be most pronounced at high elevations around the world (3).
Materials and Methods
Climate Data. We used air temperature and precipitation data from the Environment Canada meteorological station located at Banff, Banff National Park, Alberta, Canada (51 o 10ЈN:115 o 34ЈW, 1,384 m above sea level) the nearest site monitored on a year-round basis, and the Limestone Ridge snow pillow station (51 o 53ЈN:115 o 23ЈW, 1950 m above sea level), one of a series operated by the Evaluation and Monitoring Branch of Alberta Environment, Government of Alberta. Among the available snow pillow sites, the Limestone Ridge site most closely reflected snow conditions in the vicinity of our study lakes. Summer is defined as June through September, and winter is defined as October through May. The first day of snowpack was defined as the first day on which 10 cm of snow accumulated at the snow pillow site and after which snow persisted for the remainder of the winter. The last day of snowpack was determined as the first day on which snowpack decreased and remained Ͻ20 cm for the remainder of the snow-free season. The number of snow-free days was the difference between the first and last days of snowpack. Ice-off dates were determined by visual inspection of lakes by project and national park staff and local pilots working in the vicinity of the study lakes. Ice-off date is defined as the first day on which the lakes were observed to be Ͼ90% ice-free.
Water Temperature. We collected thermal profiles at 1-m intervals for each lake during every sampling event, 3-12 sampling events annually (for all measured parameters), using a calibrated thermistor accurate to 0.1°C. Thermocline depth was defined as the bottom of the 1-m depth interval that included the greatest temperature change in the profile. Mean thermocline depth was determined for late July and early August sampling dates only, during which period surface water temperatures reached their seasonal maxima and stratification was best developed.
Water Chemistry. Water samples for chemical analysis were collected on each sampling date by plunging rinsed, high-density polyethylene bottles to Ϸ10-cm depth and allowing them to fill with water. The content of one bottle was filtered through an ashed and rinsed GF/F filter to remove seston (for analysis of particulate nitrogen), and the filtrate was analyzed for DOC and dissolved nitrogen and phosphorus. TP, Si, K, turbidity, pH, conductivity, and absorbance at 350-nm analyses were conducted on the content of the second bottle. Total nitrogen was calculated as the sum of particulate and dissolved nitrogen. Turbidity was determined with a nephelometer. Statistical comparisons were based on ice-free season, time-weighted average epilimnion concentrations for each variable.
Phytoplankton. Epilimnetic phytoplankton were collected by using a 275-cmlong, 5-cm-diameter clear plastic tube on each sampling date. Three samples were collected and mixed in a pail after which 250 ml of the sample was removed for phytoplankton counting. The sample was immediately preserved with acid Lugol's. Phytoplankton were identified to species, enumerated, and measured, and wet biomass was calculated based on the geometric shapes of the plankton and assuming a specific gravity of one. Reported biomasses are time-weighted averages for the ice-free season.
Multivariate Analyses. PCA was used to select years with similar climate extremes. Because Bighorn Lake was not sampled in 1993 and 1992 occupies the next-closest position on the PCA plot, we used 1992, 1998, and 1999 data as 1990s years for this lake. Phytoplankton community changes for all lakes were assessed by canonical correspondence analysis (CCA) on time-weighted average ice-free season biomass for all taxa collected at least three times (87 of 172 species) during the period of record. We further used CCA to test for correlations between species change and environmental variables. Environmental variables evaluated were: Secchi depth, turbidity, absorbance, conductivity, pH, concentrations of DOC, TN, TP, K, and Si, and biomasses of Daphnia, Diaptomus, cyclopoid copepods, and rotifers. Variables were selected by forward selection using P ϭ 0.05 to indicate significance, based on Monte Carlo analysis of 499 permutations. To reduce clutter in Fig. 4B , we included only 44 of the 87 species used in the analysis. A complete species list is available in Table S1 . All analyses were conducted with CANOCO v.4.5.
